Moult, comprising the growth or replacement of feathers in birds, is an energetically demanding process. As a result, in many species, the extent of the post-juvenile moult can vary substantially. However, the reasons underlying this variation remain poorly understood, and the potential life-history consequences of variation in moult extent are even less clear. In the present study, we aimed to use individual-specific data to identify factors affecting the extent of the post-juvenile moult in a population of over 2500 blue tits Cyanistes caeruleus Linnaeus 1758, and to assess the consequences of individual variation in moult extent on reproduction in the first year of life. There was a substantial sex difference in post-juvenile moult extent, with males moulting more extensively than females. Putative immigrant birds had moulted on average less than those born locally. However, there was little evidence of carry-over effects of the natal environment on moult extent because we found no relationship between moult extent and fledging date or nestling mass. Evidence that moult extent, and hence feather brightness, affected subsequent reproductive success was limited. Moult extent had no effect on recruitment in males, although female recruits had moulted significantly less than nonbreeders. Because it was not influenced by features of the natal environment, moult extent may not be an honest signal of individual quality in C. caeruleus. As a result, the potential consequences of variation in moult extent for fitness are likely to be small.
INTRODUCTION
Natal conditions can have profound consequences on individual life histories through carry-over effects (Wilkin & Sheldon, 2009; Harrison et al., 2011) . In birds, factors such as late fledging and malnourishment during development can interact to compromise subsequent life-history characteristics through poor body condition (Monr os, Belda & Barba, 2002) . If the carry-over effects of the natal environment manifest themselves as honest signals, which conspecifics can use to assess individual quality, they may have the potential to affect fitness via mating success (Johnsen et al., 2003; Harrison et al., 2011) . Short-lived species may be particularly susceptible to carry-over effects because their average lifespan may offer individuals only a small number of breeding opportunities (Meril€ a & Svensson, 1997; Lindstr€ om, 1999; Hawkins, Hill & Mercadante, 2012) .
One way in which natal effects could persist in birds is through effects on moult (Gosler, 1991; Jenni & Winkler, 1994; Nilsson & Svensson, 1996; Dawson et al., 2000) . In most passerines, a partial post-juvenile moult occurs shortly after fledging, during the summer and early autumn period (Ginn & Melville, 1983) . This moult involves the replacement of poor quality, dull and often cryptic juvenile feathers, which are grown rapidly in the nest, with highquality adult-type feathers (Jenni & Winkler, 1994) . These adult feathers are always brighter than the *Corresponding author. E-mail: ross.crates@anu.edu.au juvenile feathers that they replace and are retained throughout the first year of life, including the first breeding season. Therefore, plumage traits that may act as signals to conspecifics and affect breeding in the first year will be acquired only a short time after fledging. In many species, the extent of the post-juvenile moult, and hence the proportion of juvenile feathers in an individual's first breeding plumage, can vary greatly (Senar, Copete & Martin, 1998; Gargallo, 2013) . However, the factors potentially affecting the extent of the post-juvenile moult are complex and their effects remain unclear (Bojarinova, Lehikoinen & Eeva, 1999; Neto & Gosler, 2006) .
Because post-juvenile moult commences shortly after fledging, carry-over effects of the natal environment may influence the extent of the post-juvenile moult (Bojarinova et al., 1999) . In seasonal environments, evidence suggests that fledging date is an important determinant of moult extent in some species (Rymkevich & Bojarinova, 1996) . Because moult is strongly influenced by photoperiod (Dawson, 1998; V ag asi et al., 2012) , early-fledged individuals have a longer time window in which to complete a more extensive post-juvenile moult prior to the onset of winter. Moult in juveniles in particular should be affected by photoperiod because, in comparison with adults, juveniles have less flexibility upon the timing of the commencement of their moult in that they are limited by their fledging date. At a broad scale, variation in post-juvenile moult extent is correlated with latitude and migration distance (e.g. in Sardinian warblers Sylvia melanocephala and Blackcaps Sylvia atricapilla, where lower latitude and/or more sedentary populations typically moult a larger proportion of their juvenile plumage) (Jenni & Winkler, 1994; Morganti et al., 2013) . Even at a small scale, variation in post-juvenile moult extent can still show substantial variability (Gargallo, 2013) , suggesting that local effects and genetics are also likely to play key roles in determining moult extent.
Another natal factor that may affect the post-juvenile moult is body condition, which is reflected by fledging mass and is widely understood to be an important indicator of survival in passerine birds (Naef-Daenzer, Widmer & Nuber, 2001; Monr os et al., 2002; Bouwhuis et al., 2015) . Moult is an energetically expensive activity because the efficiency of feather synthesis is low (Lindstr€ om, Visser & Daan, 1993) . Therefore, an individual should need to reach sufficient body condition before moulting can commence or risk compromising the structural quality of the moulted feathers (Gosler, 1991; V ag asi et al., 2012) . Unlike in migrant species, which almost entirely separate the moulting and movement phases of their annual cycle (Holmgren & Hedenstr€ om, 1995) , the separation of moult and movement in residents is much less distinct. However, dispersal and winter ranging movements are key components of the post-fledging phase in residents (Dhont, 1979) . For example, in the closely-related great tit Parus major, there is evidence of substantial reproductive costs of seasonal movements and dispersal (Matechou et al., 2015) . Therefore, there may be a trade-off between energy invested into moulting against energy invested into movement. If natal conditions have a large bearing on moult extent, we may expect individuals to be constrained in their capacity to moult extensively; this has been termed the moult constraint hypothesis (Nilsson & Svensson, 1996; Dawson et al., 2000; V ag asi et al., 2012) .
Another factor that may affect the extent of postjuvenile moult is sex. There is some evidence that post-juvenile moult in P. major and Siskins Carduelis spinus is more extensive in males than females (Gosler, 1991; Rymkevich & Bojarinova, 1996; Senar et al., 1998; Bojarinova et al., 1999) . Sex differences could be the result of selection on the extent of the post-juvenile moult, which may act as an honest signal of individual quality. For example, male P. major obtain their black breast stripe after completion of the post-juvenile moult. This trait is considered to be sexually selected because the size of the breast stripe is linked to dominance and reproductive success (Norris, 1990) . Similarly, C. caeruleus are sexually dimorphic in the intensity of ultraviolet coloration of crown and wing feathers (Johnsen et al., 2003) and this dimorphism may be a signal for females to assess male quality (Hunt et al., 1999) . Although there has been much research into ornamental plumage characteristics and their role as drivers of sexual selection in birds (Mulder & Magrath, 1994; Andersson, € Ornborg & Andersson, 1998; Delhey & Kempenaers, 2006; Clutton-Brock, 2009 ), the potential for moult extent to affect reproductive success by influencing the acquisition and/or quality of a breeding partner has been largely overlooked.
Under the moult constraint hypothesis, post-juvenile moult extent is limited by physiology and time (Nilsson & Svensson, 1996; Dawson et al., 2000; V ag asi et al., 2012) . As such, each individual should moult as much of their plumage as possible, without compromising other processes such as fat deposition and muscle growth (Gosler, 1991) . By contrast, the delayed plumage maturation hypothesis (Rowher & Butcher, 1988; Hawkins et al., 2012) suggests that young birds could enhance survival and lifetime reproductive success by signalling immaturity, thus reducing aggressive attention from conspecifics through the active retention of juvenile plumage traits. (Lyon & Montgomerie, 1986; Vergara, Mart ınez-Padilla & Fargallo, 2012) . However, in doing so, young birds may compromise their potential reproductive success in their first year if the traits that reduce aggression from conspecifics also reduce attractiveness to mates. Delayed plumage maturation implies a trade-off between survival and reproduction in early life. Thus, for short-lived species in particular, where selection is likely to strongly favour early reproduction, moult constraint and delayed plumage maturation hypotheses appear to contradict each other.
First-year birds are often subordinate to older individuals (Lyon & Montgomerie, 1986) and it is suggested that females should preferentially pair with older males because older males signal their quality simply by surviving to maturity (Middleton, 1979; Brooks & Kemp, 2001) . Also, female reproductive success often peaks after the first breeding attempt (Bouwhuis et al., 2009) and so, considering these agerelated effects, young birds with the capacity to signal their quality by moulting more extensively may be at a competitive advantage in their first year of life. Furthermore, if young males signal their quality to females through moult extent (Leech et al., 2001) , females may invest more into reproduction if they perceive themselves to be paired with a high-quality male partner (e.g. by increasing clutch size, egg mass or adjusting offspring sex ratios) (Nisbet, 1973; Slagsvold & Lifjeld, 1990; Sheldon et al. 1999; Cunningham & Russell 2000; Leech et al., 2001; Limbourg et al., 2004) . Although the theory that sexual selection may act upon moult extent has been suggested for a number of years (Jenni & Winkler, 1994) , to our knowledge, it has not been tested empirically. This is likely a result of difficulties in observing a sufficient sample through multiple life-history stages to detect effects (Hawkins et al., 2012) .
Using an intensively-studied nest box and wintering population of over 2500 C. caeruleus, the scope of the present study was two-fold. First, we aimed to determine the relative importance of a range of natal effects on the extent of the post-juvenile moult. Consistent with a moult constraint hypothesis, we predicted that earlier-fledged birds would moult on average more extensively than later fledged birds and that nestling mass would affect moult extent, with heavier birds conducting a more extensive moult. We also predicted that dispersing individuals would limit their energetic investment into feather replacement, showing a less extensive post-juvenile moult.
The second part of the present study aimed to determine the consequences of the observed variation in post-juvenile moult extent on reproduction in first-year C. caeruleus, aiming to examine whether moult constraint or delayed plumage maturation is a more plausible hypothesis to explain the moult patterns we observed. We tested for evidence of sexual selection on moult extent, predicting that males would moult more extensively than females and that, within the cohort of first-year males surviving to the subsequent breeding season, those with a more extensive post-juvenile moult would be more likely to recruit to the breeding population. We tested whether, within the breeding cohort of first-year birds, the probability of acquiring an older partner would be increased by moulting more extensively. Using automatically collected movement data, we also examined the relationship between individual winter movement patterns and moult extent. Finally, we looked for evidence that the extent of post-juvenile moult affected reproductive success in the first year of life, predicting a positive relationship between moult extent and clutch size, egg mass, and number of young fledged.
MATERIAL AND METHODS
The present study was conducted from April 2010 to December 2012 on the C. caeruleus populations of Wytham (51.78N, 1.31W) and Bagley (51.72N, 1.26W) Woods, near Oxford, UK. Cyanistes caeruleus breeding in nest boxes at these study sites (Schwegler design: N = 1203 boxes at Wytham with mixed entrance diameters of 26 and 32 mm; N = 515 boxes at Bagley with an entrance diameter of 32 mm only) were trapped when their nestlings were aged 7-8 days. Their identities were recorded based on their individual leg ring number. During the nonbreeding season, birds were captured using mist nets located close to a feeder of sunflower seeds.
Each individual was fitted with a uniquely-coded passive integrated transponder (PIT) tag moulded into a plastic split colour ring (IB Technology, Aylesbury, UK). A small proportion of breeding birds in 2012 were not captured; instead, their identities were confirmed by remote detection of their PIT tag code at the nest box. When nestlings were aged between 7 and 11 days, the detachable front of each box was replaced with an identical front to which a radio frequency identification (RFID) antenna was attached around the entrance hole, powered by a 9-V battery hidden under the nest. If the parents were PIT tagged prior to breeding, their identities were remotely recorded as they entered the nest box to provision the nestlings. The RFID fronting was left on each nest for a maximum of 1.5 h. All nestlings hatched in nest boxes and surviving to their 15th day during the 2010-2012 breeding seasons were ringed, fitted with a PIT tag and weighed to an accuracy of 0.1 g. Brood size, mean egg mass (minimum of three eggs to the nearest 0.1 g), and fledge date were also recorded for each box. Winter movement data in 2011/2012 were obtained by remotely detecting birds as they visited automated seed feeders, located throughout the wood in an approximately 250-m grid. To gather a seed, tagged individuals perched on an RFID antenna surrounding the seed dispenser, operating at a frequency of 125 kHz and scanning every 1/3 s. To prevent the creation of permanent food sources, supplementary food was only accessible at each seed feeder (and data were only recorded) on two consecutive weekend days from September to February. Further details of the RFID data collection methods are provided in Aplin et al. (2013) and Garroway, Radersma & Hinde (2014) .
We classed birds as locally-born (resident) if they were ringed as nestlings in the woods in which they were subsequently retrapped as first-years. We considered individuals unringed at first capture to be putative immigrants into the wood and we assumed that they had crossed habitat patches and dispersed on average further than locally-born birds. To distinguish breeding birds from nonbreeders, we used data from bird feeders fitted with PIT tag recorders to remotely detect birds that were present in the study areas in late February 2011 and 2012 (i.e were alive and present in the study site shortly before the onset of breeding activity) but were not identified in the breeding season at a nest box. We considered these individuals to be nonbreeders, as opposed to individuals that had either died or emigrated during earlier stages of the winter. There are undoubtedly a small proportion of birds breeding in natural cavities at each site; however, recapture rates of C. caeruleus in Wytham suggest that the large majority of birds breed in boxes (Lachish et al., 2011) and the breeding density of tits in Wytham is tightly-linked to nest box density (Minot & Perrins, 1986) .
Bird age was determined as either first year or adult by the presence of retained juvenile primary coverts (Svensson, 1992) . Because C. caeruleus undergo a complete post-nuptial moult after the end of their first year of life, it was not possible to determine the exact age of all birds older than 1 year, and so such individuals were classified as adults. All breeding birds were sexed according to the presence of an incubation patch or a cloacal protuberance in females and males, respectively. Because we could not sex with certainty birds that were not trapped when breeding, we used a provisional sex term as a fixed factor. Our provisional sexing of nonbreeders was based on a combination of intensity of blue in the plumage and wing length, independent of moult extent (Svensson, 1992) . We estimated our provisional sexing to be 78% correct, based on validation of 204 birds provisionally sexed during the winter and subsequently retrapped as breeders the next season. The maximum wing length of each individual was recorded to the nearest 0.5 mm and mass to an accuracy of 0.1 g.
Moult data were recorded on all first-year individuals trapped either during the breeding season or the winter. Winter trapping effort averaged 3 days per week in 2010/2011 and 2 days per week in 2011/ 2012. All birds included in the present study were trapped after completion of the post-juvenile moult so that individual moult extent would not change during the course of the winter or subsequent spring. We recorded the number of moulted feathers in three key tracts, which all show a high degree of betweenindividual variation in the number of feathers moulted: the greater coverts, the largest two alula feathers, and the tail feathers. Determining the number of feathers moulted was straightforward because new adult-type feathers appear much bluer, less abraded, and (in the tail feathers) broader and more rounded (Svensson, 1992) . In addition to the crown, feathers in these three tracts are among the brightest in C. caeruleus, both in the visible (blue) and ultraviolet spectra (Vedder et al., 2010) , and are conspicuously spread during mating displays (Del Hoyo, Elliot & Christie, 2007) . Therefore, all three tracts are potentially sexually-selected plumage traits.
STATISTICAL ANALYSIS
After checking variable distributions (Legendre & Legendre, 2012) , we conducted a centred and scaled principal component analysis on four variables to obtain a single synthetic measure of moult extent: the number of greater covert feathers moulted (range = 4-10), whether the largest and central alula feathers were moulted (each range = 0-1), and the number of tail feathers moulted (range = 0-6). The first principal component (PC1) explained 52% of variation in the data and was correlated with all four feather tracts. The loadings of PC1 were: greater coverts = À0.403, largest alula = À0.576, and central alula = À0.577 tail = À0.415. We therefore used PC1 as our measure of moult extent for all subsequent analyses.
We fitted a series of generalized linear mixed models (GLMMSs) and generalized linear models (GLMs) to examine causes and consequences of post-juvenile moult extent. We assumed a binomial error structure with a logit-link function in all GLMs and a Gaussian error structure in all GLMMs, unless otherwise stated. Details on the composition of each model and a full description and classification of all variables examined are provided in the Supporting information (Tables S1, S2). Because our models were purely for the purpose of a priori hypothesis testing, we did not employ a model selection procedure. We assessed support for variables based on breadth and position of confidence intervals, as suggested by Nakagawa & Cuthill (2007) .
To determine natal effects on moult extent, we fitted a GLMM with maximum likelihood estimation (sensu Bolker et al., 2009) , treating moult extent (PC1) as the response variable. The model included the predictors fledge date, brood size, day 15 nestling mass, and year and provisional sex (both as factors; see Supporting information, Table S1 ). We included brood of origin as a random term to account for similarity of phenotypes in siblings because some of the individuals we measured originated from the same brood and were therefore not independent in terms of brood-level effects, such as brood size and fledge date. There were no correlations between fixed effects in the final model greater than r = 0.62 (confirmed sex/provisional sex).
To test for sex differences in the extent of postjuvenile moult, we fitted a GLM of moult extent against sex, restricting this analysis to individuals that were sexed with certainty during a breeding season. We fitted a GLM of moult extent against immigrant status to test for differences and directionality in moult at the scale of dispersal movements (km) (Paradis et al., 1998; Verhulst, Perrins & Riddington, 1997; Gosler, 2002) between locally-born and immigrant birds, including provisional sex as a fixed factor. We fitted a GLMM based on remote detection of PIT tagged birds at feeding stations throughout Wytham woods to test for a relationship between moult extent and fine-scale winter movement of locally-born birds. Moult extent (PC1) was the response variable. The distance in metres from the natal box to each feeder at which an individual was detected was recorded for each day. We logtransformed these data for normality of residuals, and included them as a fixed effect in the model along with provisional sex and day 15 nestling mass, plus brood and main winter feeder as random terms. Location data of nest boxes and seed feeders were GPS recorded, to an accuracy range of 5-10 m.
We fitted GLMs to test both for differences in moult extent between first-year breeders and nonbreeders and for a relationship between moult extent and partner age for both sexes in all first-year breeding birds. To examine the effect of moult extent in first-year breeding males on the clutch size and mean egg mass of the female to which they were paired, we fitted GLMMs with egg mass and clutch size as the response variable in each. We included year, lay date, female age, and wing length as fixed effects, and brood as a random effect. Female wing was included as a measure of female body size and because wing length increases with age in many passerines (Stewart, 1963) . We finally fitted a GLM with a Gaussian error structure to test for an effect of moult extent on fledging success for both sexes. All statistical analyses were conducted using the lme4 package (Bates et al., 2014) in R, version 2.12.2 (R Development Core Team, 2011).
RESULTS

VARIATION IN POST-JUVENILE MOULT EXTENT
There was considerable variation in the extent of post-juvenile moult in the whole population of 2832 birds scored for the extent of their post-juvenile moult. In total, 78% of individuals had replaced all of their greater coverts, whereas 10% retained a single juvenile greater covert, 8% had retained two, and 4% had retained three or more. The maximum number of retained juvenile greater coverts observed was a single individual with six. Thirty-six per cent of birds had moulted their largest alula feather and 37% had moulted their intermediate alula. Some 45% of the population had moulted the central pair of tail feathers, whereas 48% had a completely juvenile tail and 7% had moulted a single tail feather.
CAUSES OF VARIATION IN POST-JUVENILE MOUNT
EXTENT
Our main GLMM identified provisional sex as the key predictor of post-juvenile moult extent. First year males moulted on average significantly more than females and unsexed birds (Table 1) and this effect was similar in birds where sexing was confirmed [N = 878, effect size (b) = 0.413, SE = 0.049, Z = 8.5, P < 0.001] (Fig. 1A) . There was a weak relationship between nestling mass and post-juvenile moult extent, and only a small proportion of variation in post-juvenile moult extent was explained by year (Table 1) . Locally-born birds moulted on average more extensively than immigrants even when accounting for provisional sex (N = 2830, b = 0.185, SE = 0.061, Z = 3.062, P = 0.002) (Fig. 1B) . Despite this, within the resident population, there was no detectable relationship between moult extent and winter movement distance (N = 254, b = 0.193, SE = 0.191, t = 1.012).
CONSEQUENCES OF POST-JUVENILE MOULT EXTENT
Of 320 breeding pairs where both individuals were trapped and aged as first-year birds, the male had moulted more extensively than the female in 63% of pairs, the female had moulted more than the male in 25% of pairs, and in 12% moult extent was equal. In first-year birds, we found no significant difference in moult extent between birds paired to an adult or first-year partner in either females (N = 334, b = 0.032, SE = 0.081, Z = 0.391, P = 0.696) ( Fig. 2A) or males (N = 332, b = 0.126, SE = 0.079, Z = 1.601, P = 0.109) (Fig. 2B) .
There was no difference in post-juvenile moult extent between breeding and nonbreeding males (breeders, N = 204, nonbreeders, N = 132, b = 0.011, SE = 0.076, t = 0.15, Z = 0.146, P = 0.884). However, we found that breeding females had moulted significantly less than nonbreeding females (breeders, N = 180, nonbreeders, N = 190, b = À0.196, SE = 0.073, Z = À2.653, P = 0.008). There was no detectable relationship between male moult extent and the clutch size or mean egg mass of the partner female (clutch size, N = 251, b = 0.054, SE = 0.074, t = 0.74; egg mass, N = 251, b = 0.006, SE = 0.004, t = 1.397). Finally, there was no relationship between moult extent and number of nestlings fledged for either males (N = 335, b = 0.018, SE = 0.123, t = 0.146, P = 0.884) or females (N = 337, b = 0.05, SE = 0.13, t = 0.384, P = 0.701).
DISCUSSION
We found a substantial sex difference in moult extent, with males moulting significantly more of their juvenile plumage than females. However, our data did not support a moult constraint hypothesis because natal effects such as fledging date and nestling mass had little influence on the extent of the post-juvenile moult in C. caeruleus. This suggests that, for the majority of birds, the extent of their post-juvenile moult is not limited by environmental factors. Despite the substantial sex difference, the fitness consequences of post-juvenile moult extent on movement, recruitment, and reproduction appear to be small.
The male-bias in moult extent that we observed is consistent with findings in other passerines (Gosler, 1991; Senar et al., 1998; Bojarinova et al., 1999) . Athough it may be functional to moult the most exposed wing coverts and tail feathers aiming to better protect those lying underneath, this alone does not explain the marked sex difference that we observed in the probability of moulting these feathers. If their replacement was simply to better preserve feathers in the same or underlying tracts, we should expect females to moult them on average, to the same extent as males. In C. caeruleus and the closely-related P. major, male nestlings are on average heavier than females (Dhont, 1971; Drent, 1984) . Sexual selection on post-juvenile moult extent could operate indirectly via sexual selection on nestling mass (Saino et al., 2010) . Because we found no evidence of a relationship between nestling mass and post-juvenile moult extent, this explanation seems unlikely. It is perhaps more plausible that sex differences in the levels of hormones associated with moult, such as prolactin (Dawson, 2006) and testosterone (Roberts & Peters, 2009) , are more likely to explain the observed patterns of moult extent, especially if hormone levels at the commencement of or during moult are not influenced by natal effects. However, this remains to be tested. By contrast to previous studies on moult extent in tits (Bojarinova et al., 1999) , we found little evidence that fledging date or year affected moult extent. In our study population, there is substantial annual variation in the timing and abundance of insect larvae, the primary food for nestling C. caeruleus (Perrins, 1991) , as well as in density-dependent effects of competition from breeding conspecifics (Krebs, 1971) . Because there is strong selection for tits to synchronize their breeding attempts with peak caterpillar abundance (Perrins, 1970; Daan et al., 1988) , years in which oak leafing is early results in relatively earlier-fledged birds, with a longer time window in which to undertake their post-juvenile moult. Against predictions, the length of this time window appeared to have little bearing on moult extent, suggesting that young birds can be quite plastic in the timing, duration or rate of their moult. In support of this, Bojarinova et al. (1999) show that late-fledged P. major compensated for a shorter moulting window by commencing their moult at a relatively earlier age compared to early-fledged birds. In a small sample of S. atricapilla (Morganti et al., 2013) , there was no evidence that post-juvenile moult extent was linked to hatching (and hence fledging) date. By contrast to some populations (Fargallo, 2004) , tits in our population are single-brooded; the majority of birds fledge within a period of 2-3 weeks (Perrins, 1970) . Variation in fledge date in this population is therefore relatively small in comparison to others, and so the effect of fledging date on post-juvenile moult extent is likely to vary with latitude. Across years, there was some evidence of annual variation in moult extent but, to detect significant year effects on post-juvenile extent, a longer time series of data than was available to the present study is required.
There was a significant difference in moult extent between locally-born birds and birds that we classified as immigrants, with locally-born birds undertaking a more extensive moult. Given the degree of overlap in the timing of moult and natal dispersal in C. caeruleus, there may be an energetic trade-off between movement and moult. Gosler (1991) presented evidence suggesting that, in P. major, the retention of juvenile greater coverts was linked to protein stress. Considering the energetic requirements of feather synthesis and time constraints in producing structurally high-quality feathers (Lindstr€ om et al., 1993; V ag asi et al., 2012) , individuals that are short of nutritional resources should limit their investment into moult, if moulting affects other energetic demands such as metabolism and movement associated with dispersal (Barta et al., 2006) . Although dispersal distances in many passerines are female biased (Verhulst et al., 1997) , our analysis controlled for provisional sex in immigrants, suggesting that dispersal effects on moult extent are not limited to sex.
A pattern of reduced moult extent in immigrants could be explained by competition for territories in early autumn (Dhont, 1979) . Individuals that moult on average less extensively may be less competitive at establishing a territory or home-range and thus be forced to disperse further, or at least across suboptimal habitat patches. It is possible that some birds considered to be immigrants were born in natural cavities within the wood. Breeding densities of tits in Wytham are tightly-linked to nest box density (Minot & Perrins, 1986 ), suggesting that nest boxes are desirable over natural cavities. Therefore, natural cavities may be occupied by poor quality or less competitive individuals, which moult on average less extensively than high-quality individuals. However, our model of winter movement in first-year birds showed no relationship between moult extent and the pattern of winter movement within the resident population. By contrast to some particularly higherlatitude populations of C.caeruleus that are migratory or partially-migratory (Nilsson, Alerstam & Nilsson, 2008) , the UK population is relatively sedentary (Paradis et al., 1998) . Movements of individuals in the present study population are generally related to natal dispersal events.
Across a broad scale, migration may influence post-juvenile moult extent in two ways. Migrant individuals are likely to need to direct a greater proportion of their resources away from moult and into the accumulation of energetic reserves to facilitate longdistance movements (Barta et al., 2006) . Second, high-latitude breeding seasons are shorter and are therefore more constraining in terms of both photoperiod and the distribution of peak food sources (Barta et al., 2008) . Continental-scale patterns of post-juvenile moult extent and relationships with movement patterns in birds require further investigation.
Moult extent appeared to have no bearing on the probability of recruiting to the breeding population in males. As such, our results suggest that male moult extent in the feather tracts that we measured plays, at best, only a minor role in mate acquisition. It is important to note that we did not account for extra-pair copulation (EPC) or paternity (EPP) in the present study, and our results are relevant for social partner males. In C. caueruleus, EPC is estimated to occur in 30-50% of pairs, accounting on average for 1-2 EPP young per brood in which EPC occurred (Kempenaers, Verheyen & Dhont, 1997) , and so the potential for EPC to substantially alter our findings is small. In females, we observed a difference in moult extent between breeding and nonbreeding birds; females that bred had moulted less extensively than nonbreeders, which is consistent with delayed plumage maturation. This pattern could be the result of a trade-off between reduced energetic investment into moult and increased energetic investment into breeding in their first year. However, this contradicts the current theory that birds with a reduced moult extent delay their investment in reproduction (Hawkins et al., 2012) . An alternative explanation for the pattern that we observe could be the effect of intrasexual aggression among females. Midamegbe et al. (2011) found evidence for the potential for aggressive interactions among breeding female C. caeruleus being linked to female plumage traits, where brighter female intruders induced increased aggression from the breeding female (but see also Parker, 2013) . Under this scenario, females with delayed plumage maturation (i.e. a less extensive post-juvenile moult) would appear duller and thus reduce aggression from conspecifics, potentially enhancing their capacity to acquire a territory in their first year.
In first-year birds of both sexes that did breed, those that had moulted more extensively were no more likely to acquire an older partner. We found no relationship between male moult extent and clutch size, mean egg mass or fledging success. This is in line with previous studies of C. caeruleus, where male post-juvenile moult extent did not influence offspring sex ratios (Leech et al., 2001) and experimentally-manipulated male plumage quality had no effect on clutch size (Slagsvold & Lifjeld, 1990) .
There are a number of possible explanations for the lack of observed consequences of variation in moult extent in males. Inter-sexual selection for a more extensive moult in males may be stabilized by intra-sexual selection to reduce aggression from competitors (Karubian et al., 2009) . Males may benefit from retaining a proportion of their juvenile plumage in winter flocks, if by doing so they elicit fewer aggressive interactions by signalling immaturity to conspecifics (Vergara et al., 2012) . Although the retention of juvenile feathers in first-year birds is widespread, particularly in long-lived species, the benefits of delayed plumage maturation in shortlived species, if they exist, are not obvious. This is because short-lived species that are sexually mature in their first year may risk compromising mate acquisition by attempting to reduce aggressiveness from conspecifics. The fact that C. caeruleus, similar to most passerines, replace a large proportion of their juvenile plumage by undertaking a post-juvenile moult suggests that the benefits of signalling immaturity should be small. Therefore, there may exist a trade-off between sexual selection and delayed plumage maturation in relation to moult extent in short-lived species, and these trade-offs may vary with sex (Hawkins et al., 2012) . Captive observation experiments of dominance interactions in relation to moult extent could help to test this idea further.
Our results support other evidence suggesting that, in males, the plumage traits of the wing and tail that we measured play only minor signalling roles in interspecific interactions associated with reproduction (Leech et al., 2001; Parker, 2013) . In females, however, wing and tail plumage traits may be more important because female breeders had moulted less than nonbreeders. In C. caeruleus, the crown feathers are bright blue with a high ultraviolet reflectance spectra (Andersson et al., 1998; Eaton, 2005; Vedder et al., 2010) . These crown feathers are widely assumed to be a key trait in dominance or display interactions (Hunt et al., 1999; Midamegbe et al., 2011; Parker, 2013) , during which the feathers are raised to enhance their coloration. Relative to the crown feathers, which are always moulted during the post-juvenile moult, wing coverts and tail feathers may be less important as signals to conspecifics. In common kestrels, Falco tinnunculus, and lark buntings, Calamospiza melanocorys, for example, a range of secondary sexual plumage traits varied in their signalling importance (Chaine & Lyon, 2008; Vergara & Fargallo, 2011) . Future studies of selection on moult extent should control for the coloration of other sexual plumage traits in both the visible and ultraviolet spectra.
